Intraperitoneal injection of purified recombinant Acrp30 lowers glucose levels in mice. To gain insight into the mechanism(s) of this hypoglycemic effect, purified recombinant Acrp30 was infused in conscious mice during a pancreatic euglycemic clamp. In the presence of physiological hyperinsulinemia, this treatment increased circulating Acrp30 levels by approximately twofold and stimulated glucose metabolism. The effect of Acrp30 on in vivo insulin action was completely accounted for by a 65% reduction in the rate of glucose production. Similarly, glucose flux through glucose-6-phosphatase (G6Pase) decreased with Acrp30, whereas the activity of the direct pathway of glucose-6-phosphate biosynthesis, an index of hepatic glucose phosphorylation, increased significantly. Acrp30 did not affect the rates of glucose uptake, glycolysis, or glycogen synthesis. These results indicate that an acute increase in circulating Acrp30 levels lowers hepatic glucose production without affecting peripheral glucose uptake. Hepatic expression of the gluconeogenic enzymes phosphoenolpyruvate carboxykinase and G6Pase mRNAs was reduced by more than 50% following Acrp30 infusion compared with vehicle infusion. Thus, a moderate rise in circulating levels of the adiposederived protein Acrp30 inhibits both the expression of hepatic gluconeogenic enzymes and the rate of endogenous glucose production.
were required for Acrp30 to suppress glucose production in primary hepatocytes. The glucose lowering effect in vivo was also observed with a proteolytic fragment of Acrp30 by Fruebis et al. (21) . Chronic administration of Acrp30 or its proteolytic fragment decreased body adiposity and improved glucose tolerance in high-fat-fed as well as lipodystrophic models (16, 21) . Finally, Acrp30 may be a target of a class of drugs that enhances insulin sensitivity, since treatment of db/db mice with agonists of PPAR-γ receptors increased circulating Acrp30 levels (13, 16) .
In the present study, we used the pancreatic insulin clamp technique in conscious mice to determine whether the acute increase in Acrp30 lowers circulating glucose levels by increasing glucose uptake, decreasing glucose production, or both. The results indicate that short-term intravenous infusion of Acrp30 in the presence of modest hyperinsulinemia inhibits glucose production without affecting glucose uptake, glycolysis, or glycogen synthesis. Thus, suppression of hepatic glucose production is the main mechanism by which Acrp30 acutely lowers plasma glucose concentrations. Furthermore, in vivo measurements of hepatic glucose fluxes and Northern blot analyses point to the gluconeogenic enzymes phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) as potential molecular targets of Acrp30 in the liver.
Methods
Animals. Adult male FVB mice (30-35 g) were anesthetized intraperitoneally with chloral hydrate (400 mg/kg body wt) and catheterized through the right internal jugular vein as previously described (22) (23) (24) . The venous catheter was used for infusion at the same time that blood samples were collected from the tail vein. Each animal was monitored for food intake and weight gain for 4-5 days after surgery, to ensure complete recovery.
Recombinant Acrp30. Acrp30 was isolated and purified from 293-T cells stably expressing Acrp30, as previously described (13) .
Measurement of Acrp30 protein levels in plasma. Plasma Acrp30 was measured by semiquantitative Western blotting as described (13) . This analysis was possible because Acrp30 protein abundance in both basal and clamp plasma samples was within the linear portion of the standard curve. Blots were analyzed with a PhosphorImager and quantitated with ImageQuant software (both from Molecular Dynamics Inc., Sunnyvale, California, USA).
Pancreatic euglycemic clamp studies. Euglycemic clamping was performed in conscious, unrestrained, catheterized mice as previously described (22) (23) (24) . Food was removed for 5 hours before the beginning of in vivo studies. Mice received a constant infusion of Acrp30 (20 ng/g/body wt/min) or vehicle at 10 µl/min for 10 minutes, after which the rate was reduced to 1 µl/min for the remainder of the experiment. The total dose of Acrp30 was approximately 4 µg/g body wt.
Glucagon was not infused into either group during the clamp procedure. A solution of glucose (10%) was infused at a variable rate as required to maintain euglycemia (6 mM). Mice received a constant infusion of HPLC-purified [3-3 H]glucose (0.1 mCi/min; NEN Life Science Products, Boston, Massachusetts, USA), insulin (5 mU/kg body wt/min), and somatostatin (5 µg/kg body wt/min). Thereafter, plasma samples were collected to determine glucose levels (at time = 10, 20, 30, 40, 50, 60, 70, 80, and 90 minutes) and the specific activities of [3-3 H]glucose and tritiated water (at time = 40, 50, 60, 70, 80, and 90 minutes). Consecutive samples were pooled for the assessment of the plasma insulin and Acrp30 levels. Steady-state conditions for both plasma glucose concentration and specific activity were achieved by 40 minutes in these studies. At the end of the in vivo studies, mice were anesthetized (intravenous pentobarbital, 60 mg/kg body wt), the abdomen was quickly opened, portal blood was collected, and each liver was freeze-clamped in situ with aluminum tongs that were cooled in liquid nitrogen. The time between the injection of anesthesia and the freeze-clamping of tissue samples was less than 60 seconds. Tissue samples were stored at -80°C for further analysis. The euglycemic clamp protocol was approved by the Institutional Animal Care and Use Committee of the Albert Einstein College of Medicine.
Analytical procedures. Plasma glucose was measured by the glucose oxidase method (Glucose Analyzer II; Beckman Instruments Inc., Fullerton, California, USA). The rates of glycolysis were estimated as previously described (22) . Because tritium on the C-3 position of glucose is lost to water during glycolysis, it is assumed that plasma tritium is present in either tritiated water or [3-3 H] glucose. Radioactivity of H]glucose in plasma was measured from supernatants of Ba(OH) 2 and from ZnSO 4 precipitates, after each was evaporated to dryness for the removal of tritiated water. The specific activity of tritiated water in plasma was determined from the total counts of the protein-free supernatant before and after evaporation to dryness (25) .
Under steady-state conditions for plasma glucose concentration, the rate of glucose uptake equals the rate of glucose appearance (R a ). R a was determined by dividing the infusion rate for [3-3 H]glucose (disintegrations per minute) by the specific activity of plasma [3-3 H]glucose (disintegrations per minute per mg glucose) under steady-state conditions. The rate of glucose production was therefore obtained from the difference between R a and the rate of glucose infusion. The rate of glycogen synthesis was estimated from the difference between R a and the rate of glycolysis. The percentage of the hepatic glucose-6-phosphate pool directly derived from plasma glucose (direct pathway) was calculated as the ratio of liver [3-3 H]UDP-glucose specific activity to plasma [3-3 H]glucose specific activity (26) .
RNA preparation and Northern blot analysis. Total RNA from liver was extracted using TRI Reagent (Molecular Research Center Inc., Cincinnati, Ohio, USA) according to the manufacturer's recommendations. Northern blot analysis was performed as described previously. Total RNA (30 µg) was loaded in each lane. The agarose gel was stained with ethidium bromide to ensure equal loading of the total RNA samples. After transfer of RNA onto a nylon filter by capillary action, the filter was stained with methylene blue to ensure that an equal amount of RNA had transferred. Subclones of murine PEPCK and G6Pase cDNA were isolated by RT PCR using the following sense and antisense primers: 5′ PEPCK: ACCCCGAAGGCAAGAAGAAATAC; 3′ PEPCK: GCGTCCGAACATCCACTCCAGCAC; 5′ G6Pase: GCATCT-GTCAGTCTTATCC; and 3′ G6Pase: GTACAGTGGAGAC-TATCTG. Radiolabeled probes were prepared by the random primer labeling method (Life Technologies Inc., Gaithersburg, Maryland, USA) using [ 32 P]dCTP (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA). After high stringency hybridization and washing, the membranes were exposed to a Storage Phosphor Screen (Molecular Dynamics Inc.). Quantitative densitometry was achieved by scanning laser using a PhosphorImager (Molecular Dynamics Inc.).
Statistical analysis. Data are presented as mean ± SE. Statistical analysis was performed using an unpaired, nonparametric Student t test. Differences were considered statistically significant at P < 0.05.
Results

General characteristics of the experimental animals.
To delineate the effect of increased circulating Acrp30 on peripheral and hepatic insulin action, 12 conscious mice were divided into two groups. One group received a primed-constant infusion of recombinant Acrp30, and the other received a similar infusion of vehicle. There were no differences in the mean body weights between the two groups of mice. Following a fast of approximately 6 hours (postabsorptive state), the plasma insulin and glucose concentrations were similar in the two groups (Table 1) .
Pancreatic euglycemic clamp studies. In order to assess the metabolic effects of insulin in vivo, a similar modest increase in the plasma insulin concentrations was generated, and the plasma glucose concentrations were maintained at approximately 6 mM by a variable glucose infusion. Thus, the effects of Acrp30 and vehicle were compared in the presence of similar steady-state insulinemia and normoglycemia (Table 1) in conscious mice. Steady-state conditions for plasma glucose specific activity were achieved within 40 minutes during clamp periods (Table 2) . Similarly, the rate of accumulation of tritiated water in the plasma compartment, which reflects its generation from [3-3 H]glucose and is used in the calculation of the rate of glycolysis, was linear during the last 50 minutes of the clamp study. The intravenous infusion of recombinant Acrp30 promptly raised circulating Acrp30 concentrations by approximately twofold (Figure 1a) .
Effect of hyperinsulinemia on glucose disposal and on the partitioning of glucose fluxes. The effect of a similar increase in circulating insulin concentrations on the rates of glucose infusion and tissue glucose uptake is displayed in Figure 1 , b and c. All measurements were performed during the final 50 minutes of the clamp study, a time when steady-state conditions were achieved for plasma glucose and insulin concentrations, glucose specific activity, and rates of glucose infusion. The rates of exogenous glucose infusion (Figure 1b) required to maintain the target plasma glucose concentration during the hyperinsulinemic clamp study were increased by 73% in Acrp30-infused mice compared with vehicle-infused mice. However, infusion with recombinant Acrp30 did not significantly alter the rates of glucose uptake (27.8 ± 3.0 vs. 26.0 ± 2.1 mg/kg body wt/min), glycolysis (23.1 ± 1.8 vs. 22.8 ± 1.9 mg/kg body wt/min), or glycogen synthesis (4.6 ± 1.6 vs. Figure 2 depicts the rate of endogenous glucose production during the pancreatic insulin clamp procedure. In the presence of similar plasma insulin concentrations, glucose production was suppressed by Acrp30. In fact, this marked improvement in the inhibition of glucose production completely accounted for the increased rate of glucose infusion during the clamp studies. Next, we examined the relative contribution of plasma glucose to the hepatic glucose-6-phosphate pool to determine the effect of Acrp30 on liver glucose fluxes. Table 2 ) to the hepatic glucose-6-phosphate pool. The ratio of the specific activity of 3-3 H-labeled hepatic UDP-glucose to that of portal vein plasma glucose provided an estimate of the contribution of hepatic glucose phosphorylation (direct pathway). As shown in Table 2 , the contribution of the direct pathway to the hepatic UDP-hexose pool measured at the end of the clamp studies was increased by 55% in mice receiving Acrp30 compared with vehicle-infused mice. Data obtained on UDPgalactose specific activity confirmed the results obtained with UDP-glucose. These data allowed us to estimate the in vivo fluxes through G6Pase and the rates of glucose cycling in the two groups of mice. As shown in Figure 2 , the flux through G6Pase was decreased significantly by Acrp30, in parallel to the effect on glucose production. However, despite this marked decrease in overall glucose output, the rate of glucose cycling was unchanged in Acrp30-infused mice compared with that in vehicleinfused mice. Thus, short-term infusion of the adiposederived protein Acrp30 leads to marked suppression of in vivo G6Pase flux, whereas the direct hepatic phosphorylation of glucose appears to be enhanced.
Effect of recombinant Acrp30 infusion on hepatic glucose fluxes.
Effect of recombinant Acrp30 infusion on hepatic PEPCK and G6Pase mRNA. Based on the above flux data, we next explored two potential molecular targets of Acrp30 action in the liver. PEPCK and G6Pase are important determinants of hepatic glucose fluxes, and their regulation by insulin involves transcriptional events. Therefore, we assessed the effect of Acrp30 infusion on PEPCK and G6Pase gene expression in liver harvested at the completion of the clamp studies. Northern blot analyses revealed a marked decrease in G6Pase (33 ± 8 and 77 ± 10 arbitrary units (AU), Acrp30 infusion and vehicle infusion, respectively; P < 0.05) and PEPCK (45 ± 12 and 87 ± 15 AU, Acrp30 infusion and vehicle infusion, respectively; P < 0.05) mRNA levels ( Figure  2) . Thus, the adipose-derived protein Acrp30 decreased the hepatic expression of the gluconeogenic enzymes PEPCK and G6Pase by 48% and 57%, respectively.
Discussion
Across species, insulin resistance is strongly linked to obesity (1, 2). In the short-term, overfeeding rapidly leads to impaired hepatic and then peripheral insulin action in humans (27) and animals (28) . The molecular basis for these associations remains elusive. Increased flux of free fatty acids has been shown to rapidly induce hepatic and peripheral insulin resistance, and thus may play a significant role in these forms of insulin resistance (6) (7) (8) (9) (10) 29) . However, it is also becoming increasingly evident that adipose tissue is not just a site of energy storage, but is also an active endocrine
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The Mice were fasted for 6 hours prior to plasma sampling. Biochemical parameters represent the mean ± SE. organ (2) . Among the numerous circulating proteins that are derived at least partly from adipose cells, some have potent effects on energy metabolism, intermediary metabolism, and insulin signaling (30) (31) (32) (33) (34) (35) . Leptin may act as a positive modulator of insulin (30) (31) (32) (33) . TNF-α (34)and resistin act as antagonists of insulin action (35) . The presence of severe insulin resistance in models of lipodystrophy (4, 32, (36) (37) (38) and the ongoing search into the mode of action of PPAR-γ agonists as insulin sensitizers (5, 36, 37) lend additional support to this "endocrine hypothesis." In fact, lack of adipose tissue appears to result in impaired insulin action due at least in part to the lack of adipose-derived circulating proteins, such as leptin (4, 32, 38) . Furthermore, PPAR-γ agonists may regulate the biosynthesis and secretion of adipose-derived proteins, including resistin (30) and Acrp30 (13) . In this regard, it is of interest that PPAR-γ agonists are partly effective in the treatment of obesity-linked type 2 diabetes in aP2/DTA mice whose adipose tissue was partially eliminated by the fat-specific expression of diphtheria toxin, but are not effective in treatment of A-ZIP/F-1 mice that have a complete lack of white adipose tissue (36, 37) . Two recent publications indicate that intraperitoneal injection of either the full-length or the globular domain of Acrp30 acutely lowers blood glucose levels in mice (13, 21) . This effect was observed within 2-4 hours of the injection. Importantly, the Acrp30-induced decline in plasma glucose levels was not accompanied by a significant decrease in plasma insulin levels. Indeed, plasma insulin concentrations were moderately increased (by 72%) in response to globular Acrp30 fragment in one study (21) . In the other study, the plasma insulin concentration failed to decrease despite lowering of the plasma glucose concentrations in response to full-length Acrp30 (13); this study also reported an increase in plasma glucagon levels. These reports indicate that circulating Acrp30 could play a role in the regulation of glucose homeostasis. These effects may be due to subtle alterations in glucoregulatory hormones, to decreased rates of glucose production, and/or to increased rates of glucose uptake. Corollary experiments in ex vivo systems suggested an effect of Acrp30 in the regulation of glucose output from isolated hepatocytes (13) and in the regulation of fat oxidation in isolated muscle strips and in a muscle cell line (21) .
To gain insight into mechanisms that may be responsible for the blood glucose lowering effect of Acrp30, we performed pancreatic insulin clamps in conscious mice in combination with intravenous infusion of fulllength Acrp30 or vehicle. This experimental design was selected in order to minimize confounding effects of hypoglycemia and its attendant counterregulatory responses on metabolic and molecular parameters. Furthermore, the administration of somatostatin served to prevent changes in glucoregulatory hormones such as insulin and glucagon during the clamp procedure. Although the inhibitory effect of somatostatin on plasma glucagon levels may have restrained glucose production, this effect was similar in both groups. Finally, administration of glucose tracer allows one to measure glucose fluxes in vivo. Under these conditions, the intravenous infusion of Acrp30 rapidly reduced the rate of glucose production, but did not alter peripheral glucose fluxes. The present study provides the first in vivo evidence, to our knowledge, that an increase in circulating Acrp30 levels markedly inhibits glucose production in the presence of experimentally controlled and physiological insulin levels. It should be noted that while it is likely that these rapid effects of full-length Acrp30 on hepatic glucose fluxes account for its acute hypoglycemic action, they do not negate additional acute or chronic effects of circulating Acrp30 on glucoregulatory hormones, energy balance, and lipid metabolism (16, 21) .
The Acrp30 used in this study was identical to the material isolated for the previous study by Berg et al. (13) . However, the total amount of Acrp30 infused into each mouse in the present study was only 4 µg/g body wt, whereas a minimum of 28 µg/g body wt was required to lower blood glucose levels in the previous study (13) . The detectable onset of Acrp30's metabolic effects also appeared to be more rapid in the present study. There are a few considerations that may help reconcile these findings. First, the route and mode of administration may play a major role. Intravenous administration as a primed constant infusion is likely to maximize the efficacy and minimize the clearance of Acrp30. Of interest, following intraperitoneal bolus injections, the peak of circulating Acrp30 levels occurred 1-4 hours after the bolus, with a prolonged plateau in circulating levels thereafter. This is consistent with slow absorption of the protein from the peritoneal cavity into the plasma compartment. Overall, intravenous delivery may more closely resemble Acrp30 secretion from adipose cells. Second, the measurement of glucose output during pancreatic clamp conditions may be a more sensitive index of the metabolic actions of Acrp30 than its blood glucose lowering effects. In fact, administration of insulin sensitizers to nondiabetic animals generally results in lowering of the plasma insulin concentrations, with minimal changes in the plasma glucose levels. However, high levels of insulin sensitizers can overwhelm the physiological glucoregulatory responses and result in significant lowering of plasma glucose levels. Thus, it is likely that larger and more prolonged elevations in circulating Acrp30 levels may be required to achieve a significant and consistent decline in the plasma glucose concentrations than are needed to suppress glucose output.
In the presence of pancreatic clamp, short-term infusion of recombinant Acrp30 led to a marked suppression of endogenous glucose production in conscious mice. To begin investigating the mechanisms by which Acrp30 decreases the net production of glucose by the liver, we estimated the overall rate of glucose output (in vivo flux through G6Pase) and the relative contribution of hepatic glucose phosphorylation to G6Pase flux. Our assessment of G6Pase flux revealed an approximately 60% decrease with infusion of Acrp30 compared with vehicle infusion. This decline closely paralleled that seen in net glucose production, suggesting that inhibition of G6Pase by Acrp30 is a likely mode of action. Of interest, whereas the rate of glucose output was markedly decreased in response to Acrp30 infusion, the rate of glucose cycling was not changed. This was due to a marked increase in the contribution of plasma glucose to the hepatic glucose-6-phosphate pool. The latter observation is consistent with Acrp30 preserving the in vivo flux through glucokinase. Finally, we also assessed the effect of Acrp30 on the hepatic expression of PEPCK and G6Pase. Acrp30 markedly decreased levels of G6Pase mRNA and PEPCK mRNA in the liver. While it is likely that the rapid metabolic effects of Acrp30 are largely due to modulation of enzymatic activity, transcriptional regulation of these two key enzymes may also contribute to its molecular mechanism of action.
The discovery of potent metabolic actions by this circulating protein that is exclusively expressed in differentiated adipose cells further supports the notion of crosstalk between energy storage (adipose tissue) and main insulin target organs such as the liver. In this regard, it is intriguing that Acrp30 shares sequence homology with a family of hibernation-regulated proteins, hib 20, 25, and 27, which are differentially expressed in the livers of active and hibernating animals (21) . In fact, alterations in energy metabolism during hibernation are tightly linked to dramatic changes in insulin sensitivity and metabolism of lipid and carbohydrate in the liver. Future studies will be needed to delineate whether and how nutrients and changes in energy storage regulate Acrp30 biosynthesis and its circulating levels.
